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Abstmct 
Symbiotic  Mnstigias  from Eil Malk  Jellyfish  Lake  and  P&u  lagoon take up  and  retain 
ammonium  during both day and  night.  Uptake  is  due  to symbiotic dinoflagellates  (zooxan- 
thellae).  Nitrate  is  not  taken up, and is  barely detectable in  the environment.  Nonsymbiotic 
Aurelia in  the  same lake  excrete  rather  than  take  up ammonium.  Mnstigias  migrates  vertically 
repeatedly at  night,  periodically  visiting  the nutrient-rich  chemocline  at  about 15 m  where, 
together with that  taken up  at ambient  concentrations,  the animals may  take up  enough 
ammonium  to satisfy  the total  daily nitrogen requirement  of their  symbiotic algae.  These 
observations are consistent  With the hypothesis that  repeated vertical  migration by Mnstigias 
is  a behavioral adaptation in  the animal that  facilitates  nutrient  acquisition  by its  algal  sym- 
bionts. 
Reef corals  which  contain  symbiotic  di- 
noflagellates  (zooxanthellae)  can take  up, 
retain,  and  recycle dissolved inorganic 
nitrogen,  and  thus minimize  the loss  of 
nitrogen from excretion.  These  features 
are  viewed  as  adaptations  for  conserving 
nitrogen  in characteristically  nitrogen- 
poor tropical  environments  (e.g.  Franzis- 
ket 1973, 1974; Muscatine  and  D’Elia 
1978; Muscatine  and Porter 1977; Mus- 
catine  1980a). To  determine  if  these 
features  are  a  general  property  of  all  alga- 
invertebrate  associations,  it  seemed  de- 
sirable  to investigate  and  characterize 
nutrient  flux  in other  symbiotic taxa  and 
in associations  from eutrophic environ- 
ments. Some  aspects  of  nutrient  flux  have 
been investigated  in  symbiotic  corals  from 
temperate  waters (Szmant-Froelich and 
Pilson 1977)  and in  several  species  of  sea 
anemones  (Cates  and McLaughlin  1976) 
and  a foraminiferan (Webb  and  Wiebe 
1978),  but there  has been  only one study 
(Gates  and McLaughlin  1976)  of  nutrient 
flux  in symbiotic scyphozoans. The  rea- 
son for  this  is  either  that  the availability 
of  specimens  is  limited,  or,  where  abun- 
dant,  their  ecology is  poorly known. 
Some  of  the  marine lakes  of  Palau con- 
tain  enormous  populations of symbiotic 
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Mustigius sp.  (Scyphozoa: Rhizostomae), 
up to  1,000  individuals  per square meter, 
and these  animals are  the  dominant  forms 
in such lakes.  Hamner  and Hauri (1981) 
provided  insight  into both  the general 
limnology  of  such lakes  and the ecology 
and behavior of  Mastigias.  Further,  these 
lakes show  interesting  and  unusual  nu- 
trient  profiles  with  exceptionally high 
concentrations  at  the  chemocline  and be- 
low (Hamner  et  al.  1982).  Because  of  the 
several advantages  presented  by  these 
features,  we  undertook  a study  of nu- 
trient  flux  in  symbiotic  Mustigius.  We  de- 
scribe  here the flux  of  dissolved  inorgan- 
ic  nitrogen in Mustigius and  attempt to 
relate  the data  to  unusual behavioral as- 
pects  of  these medusae. 
We  thank W.  Hamner  for  advice and 
support,  R.  Gilmer,  P.  Hamner,  W. Maech, 
and J,  Blesam  for  assistance,  and the Mi- 
cronesian  Mariculture  Demonstration 
Center for  facilities  and hospitality. 
Methods 
All  experiments and observations  were 
carried out at either the  Micronesian 
Mariculture  Demonstration  Center 
(MMDC)  or  Eil Malk Jellyfish  Lake, Pa- 
lau, Western  Caroline  Islands, during 
March  1979. 
Mustigius sp.  and Aureliu sp.  were col- 
lected  from Eil  Malk Jellyfish  Lake from 
0 to  4 m. Some  Must&ins  were  also  col- 
lected  from the  Palau lagoon in  the  vicin- 
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ity  of  the  MMDC.  Collections  were made, 
usually in  the morning, by trapping ani- 
mals individually underwater  in plastic 
scoops,  submerging  the scoop in  a buck- 
et,  and allowing the  jellyfish  to  swim  into 
the  bucket.  Pouring was avoided since  the 
edge of  the  scoop tends  to  abrade the  del- 
icate  ectoderm and also  traps  air  bubbles 
under the bell,  causing tissue  damage  in 
captive  jellyfish.  Buckets ofjellyfish  were 
filled  to  the brim with lake  water,  sealed 
with  a lid to exclude  air  bubbles, and 
transferred  to  the MMDC  by a fast  boat 
(ca.  25 km: 45-60 min). Initially  we  had 
a high mortality  of  medusae  2-3 days af- 
ter  collection,  the result  of  their  tending 
to  swim  bell-down  to  the bottom of  out- 
door holding tanks.  We  found that  Mas- 
tigias  has an aversion  to  very high light 
intensities,  preferring  more  shaded  hab- 
itats,  and thereafter,  we  kept the animals 
in I,OOO-liter  holding  tanks in open-air 
sheds.  Organisms  lived  in  these tanks  as 
long as they were  needed,  but for  nu- 
trient  flux  experiments, they were  used 
within 24 h of  collection.  Since Mastigias 
in the lake is  exposed  to salinities  rang- 
ing from  about  26%  at the surface to 
29.5%  at  15 m  (the  depth of  the chemo- 
Cline),  we  reduced  the salinity  of the 
holding tank seawater to  29%.  Only  or- 
ganisms with normal swimming  behavior 
and symmetrical bell  contraction  rhythm 
were  considered healthy and used in  ex- 
periments. 
Most  nitrogen flux  experiments  were 
carried  out as static  incubations,  usually 
with a single  specimen  (S-ll-cm bell  di- 
ametcr) in each of two  duplicate &liter 
Pyrex beakers containing  about 1.6  liters 
of  lake  water (or  dilute  seawater)  filtered 
through  5-pm  pore-size  felt  bag  filters, 
Beakers were suspended  in  holding tanks 
to provide  temperature  control within 
0.5”C of  the ambient lake  temperature of 
3  1  .O”C.  Where  appropriate, incubation 
media  were  spiked with ammonium  or 
nitrate  to give final  concentrations  of  up 
to  10 pug-atoms  N *  liter-‘.  Duplicate sam- 
ples  were  removed  at  intervals  of IO-15 
min  with plastic  syringes  and either  ana- 
lyzed immediately  for  nutrient concen- 
tration  or frozen in  plastic  vials  for  later 
analysis.  Controls  consisted  of  containers 
of  lake water or dilute  seawater with or 
without  added  nutrient.  After each  ex- 
periment,  individual  medusae  were 
placed upside down  on a  flat  surface  and 
the  diameter of  the  relaxed  flattened  bell 
recorded. The  individual was  then  ho- 
mogenized  in  3400  ml of  seawater in  an 
Osterizer  set  at  maximum  speed 
(“frappe”).  Homogenate  volumes  were 
recorded and four  replicate  samples tak- 
en for  algal  cell  counts,  two for  protein, 
and two for  chlorophyll  a. 
Algae were isolated  from Mastigius for 
some experiments by homogenization  and 
centrifugation  at  a  speed just  sufficient  to 
pellet  the algae,  followed by 34  washes 
to  minimize  contamination of  algae  with 
host tissue.  For  ammonium  measure- 
ments, algae  were resuspended  in  250 ml 
of seawater, and  the suspension  spiked 
with 4-12 pug-atoms  N *  liter-l.  Duplicate 
samples,  removed  at  IO-min intervals  for 
up to  2.5  h,  were centrifuged  to  pellet  the 
algae and the supernatant was  decanted 
and analyzed for  ammonium.  At the end 
of each  incubation, 5-ml samples  were 
taken  for  cell  numbers, chlorophyll  u,  and 
algal  protein. 
Ammonium  was  measured  by  the 
method  of Solorzano (1969) with potas- 
sium ferrocyanide  (Liddicoat  et  al.  1975) 
and  scaled down  to accommodate  5-ml 
samples. Plastic  scintillation  vials  were 
used as  reaction  vessels.  Aluminum  foil- 
lined caps were  avoided. The  reaction 
was allowed to  develop in  darkness.  Sam- 
ples  were read in l-cm glass  cuvettes  us- 
ing a Bausch  and Lomb  IO0 spectropho- 
tometer. 
Nitrate  was measured  by the reduction 
method  of Wood  et al.  (1967) but with 
samples  diluted in ammonium  chloride 
as recommended  by Strickland  and Par- 
sons (1972). 
Algal cells  were  counted with a Spen- 
cer Brightline  hemacytometer  using the 
mean  of  four  replicate  counts. 
For Chl a and cZ,  duplicate  5-  or  lo-ml 
samples  of Mustigius homogenate  were 
passed through a Whatman  GF/C  glass- 
fiber  filter  (2.4-cm diameter).  The  filter 
pad  containing the particulate  material, 912  Muscutine  und Muriun 
Table  1.  Regression data for  various Mastigias parameters. Regression coefficients  cl  and b were  de- 
termined by linear  regression  of  log y = log  CL  + b log  x (n = 27). 
No. of  algae x  lo7 
Total protein (mg) 
Chl ~1  (/.A 
Bell  diam (cm)  0.09  2.71  0.91 
Bell  diam (cm)  0.50  2.46  OF90 
No. of  algae X  lo7  15.71  0.83  0.93 
including  the  algal  cells,  was rinsed  brief- 
ly  with 1  ml of  freshwater  and transferred 
to  a  centrifuge  tube,  where it  was chopped 
to  a pulp with the tapered end of  a steel 
weighing  spatula  and extracted  overnight 
in 3 ml  of absolute acetone in the cold 
and dark.  Acetone extracts  were decanted 
and  the weight  of Chl  a and  c2 deter- 
mined  calorimetrically  according to the 
equations  of Jeffrey and  Humphrey 
(1975). 
Protein  was determined by the  method 
of  Lowry  et  al.  (1951)  with bovine serum 
albumin  standards. 
For morphological  studies  some  indi- 
viduals were  fixed in 1.5%  glutaralde- 
hyde in  seawater and brought back to  the 
laboratory at UCLA  where  they  were 
postfixed  in 1%  osmium  tetroxide  in  cac- 
odylate  buffer,  stained,  and embedded  in 
Spurr resin.  One-micrometer-thick  sec- 
tions  were  cut  with glass  knives,  stained 
with methylene  blue,  and observed with 
bright-field  or  phase contrast  microscopy. 
Results 
General  observations-Since  the be- 
havioral  ecology  of Mustigias  is  .de- 
scribed  in  detail  by Hamner  et  al.  (1982) 
only a  brief  summary  of  the relevant  fea- 
tures  need  be given here.  Mustigius oc- 
curs  generally  in  Eil  Malk Jellyfish  Lake 
in a well defined layer  from 0 to  2.5  m, 
and at  average densities  of  up to  about 30 
individuals  per square meter of  lake  sur- 
face.  Aurelia occurs in another well de- 
fined  layer  during  the  day at  lower depths 
from 3 to  12 m. Mustigius tends to  aggre- 
gate at densities ~1,000.m-~  and  mi- 
grates  directionally  around  the lake sur- 
face.  At night Mustigius remains  in the 
western basin and mixes throughout the 
water column  to 15 m. The  distribution 
of  Aureliu is  uniform around the lake. 
Association  of zooxanthellae  with 
Mastigias-Zooxanthellae  are associated 
with all  of  the major parts  of  Mustigias; 
about 30%  of  the flora  is  associated  with 
the  bell  and 70% with  the  oral  lobes,  arms, 
etc.,  as  determined  by the Chl CL  content 
of  these tissues.  Thin  sections  of  bell  tis- 
sue show  that,  unlike most marine  asso- 
ciations  with  symbiotic dinoflagellates, 
where  the symbionts  are usually exclu- 
sively endodermal,  those in Mustigius 
seem  to  be in  the  mesoglea  immediately 
beneath  the ectoderm. No  zooxanthellae 
were  seen in four samples  of mesoglea 
excised  from deep within the  bell.  In  the 
exumbrellar subectodermal mesoglea, al- 
gae are  found in  patches ranging from 12 
to  200 cells  and averaging  about 120  cells 
per  patch.  There  are about  50  such 
patches in a square millimeter,  distrib- 
uted  over  most of  the  bell  surface  but  with 
a  tendency to  align  in  the  equatorial  folds 
created over the region of the coronal 
muscle  when  the bell  relaxes.  The  sub- 
umbrellar mesoglea  has tracts  in  vertical 
rows or columns  external  to  the coronal 
muscle. 
Table  1 gives linear  regression con- 
Table 2.  Protein  :  Chlorophyll a ratios  for  Mastigius zooxanthellae (mean  k SD  of  mean). 
No.  of  algae  x  10”  Chl  n (/a)  Protein  (Fg)  Protein  :  Chl  (I 
11.85  14.29+ 1.50  (5)  400.25k49.22  (5)  28.06k2.82 (5) N flux  in  symbiotic medusue 
stants  for  various  parameters which  char- 
acterize  Mustigius size  vs.  the  abundance 
of  algae.  For specimens  of  bell  diameter 
4-14 cm, the  number  of  algae  ranged from 
1.3-62  x  107,  Chl  a from 50 to 470 pg, 
and total  protein  from 8 to  190 mg. 
To characterize  the  abundance  of  algae 
in terms of  protein  biomass as  a percent 
of total  Mustigius  protein we  used  the 
formula 
algal  protein.  C Chl 
algal  Chl a 
u = I:  algal  protein. 
The  key measurement  was the  ratio  of  al- 
gal  protein  :  algal  Chl a specific  to  Mus- 
tigius  zooxanthellae.  Table  2 shows  the 
data  obtained from five  aliquots  of  a  clean 
algal  suspension from an &cm  specimen. 
The algal  protein  :  Chl a ratio  of  about 28, 
applied to total  Chl  a and  protein data 
from 26 specimens, gave a  mean  value of 
8 f 4%  algal  protein. 
Ammonium  flux-Initial experiments 
to  determine  the direction  of  net ammo- 
nium  flux  in Mustigius were  conducted 
in  situ  in  Jellyfish  Lake. Specimens  were 
incubated in specially  constructed Plex- 
iglas  floating  chambers  with and without 
added  ammonium.  In a 70-min  incuba- 
tion,  controls  with (2.5  pg-atoms *  liter-  l) 
and without added ammonium  showed  no 
significant  change in  ammonium  concen- 
tration,  and specimens incubated without 
added  ammonium  appeared  not to re- 
lease  it.  Only  in  vessels  with a specimen 
and  added  ammonium  was  a significant 
change  observed: ammonium  decreased 
by 30%  from 3.4  to  2.3  ,ug-atoms  .  liter-l. 
These  results  suggested that symbiotic 
Mustigius, during daytime, take up  and 
retain  ammonium-N. 
More  detailed  measurements  of  ammo- 
nium  uptake were made  in  laboratory  in- 
cubations.  Figure 1  shows the  time-course 
of ammonium  concentration in vessels 
spiked  with  8-10  ,ug-atoms*liter-1  and 
containing Mustigius from Eil Malk  Jel- 
lyfish  Lake  and  Palau lagoon. Ammoni- 
um  concentration was  reduced  to am- 
bient  levels  or below  in about  2 h. 
Seawater  controls  showed  only a slight 
overall  decrease in ammonium  concen- 
tration.  These  data confirmed the inter- 
loi- 
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Fig. 1.  Time-course  of ammonium  concentra- 
tion  in  control  vessel and vessels containing Mas- 
tigias  from  Eil Malk  Jellyfish  Lake  (A-10.5  cm; 
B-11.0  cm)  and  Palau lagoon  (C-10.5  cm). Ex- 
periments  carried  out  at ambient  temperature 
(31,O”C)  and irradiance. 
pretation that symbiotic Mustigias  can 
effect  net uptake and  retention of am- 
monium-N  during daytime. 
Previous studies  on ammonium  flux  in 
symbiotic reef  corals  showed  that  the ca- 
pacity  to take up and retain  ammonium 
is  light-dependent and  that  the normal 
daylight  period is  sufficient  to  “fuel”  sus- 
tained  uptake during nighttime.  The  diel 
pattern of ammonium  flux  in Mustigius 
was determined  from 12 consecutive 2-h 
incubations over a 24-h diel  cycle.  Lake 
and  lagoon  specimens  were  -incubated 
under ambient conditions  of  il  lumination 
an  d ambient  ammonium  concentrations 
of 1.0  and 0.40  pug-atoms  *  liter-l.  In each 
case,  the medium  was sampled  in  dupli- 
cate  initially  and again after  2 h,  and the 
uptake  rate determined.  Vessels were 
then emptied  and filled  with fresh  incu- 
bation medium.  Animals  behaved  nor- 
mally  during  the experiment.  Figure  2 
shows  that  with the exception of some 
early fluctuation  in the flux  rate  in the 
lagoon specimen ,  both lake an  d lagoon 
Mustigiai can sustain  net uptake and re- 914  Muscutine  und Murian 
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Fig.  2.  Ammonium  flux  in  a diel  series  of  incu- 
bations of Mastigias from Eil Malk  Jellyfish  Lake 
and Palau lagoon.  Lake  specimen  (10.5  cm, 528 pg 
Chl  a) incubated  in 1.6  liters  of dilute seawater, 
with ammonium  added  to approximate  concentra- 
tion  in  lake water (1.2  pg-atoms  N *  liter-‘).  Lagoon 
specimen  (8.0  cm, 265 pg Chl a) incubated in 1.6 
liters  of filtered  seawater  with  initial  ammonium 
concentration of  0.41  kg-atoms N *  liter-l. 
tention  of  ammonium-N  over a 24-h diel 
cycle.  The  mean  flux  rate  of lake Mus- 
tigias  was  1.64  pg-atoms N.  mg  Chl u-j  * 
h-l.  Day  and  night flux  rates  were  vir- 
tually  identical.  The  mean  flux  rate  of  la- 
goon  Mastigias  was  0.1 pg-atom  N *mg 
Chl u-l  *  11-l)  an order  of  magnitude  lower 
than that  of  lake  Mustigius. 
To  further investigate the extent to 
which  the presence of algae influenced 
the uptake  of ammonium-N  in the ab- 
sence of  naturally  occurring  aposymbiot- 
ic  Mustigius, we  examined  the ammoni- 
um  flux in the nonsymbiotic  Aurelin. 
Figure 3 shows  that  Aureliu releases  am- 
monium  to the medium  at  a steady rate 
(76 mg-atoms  N *  g  protein-l  *  h-r).  The 
net  efflux  of ammonium  by  this non- 
symbiotic medusa  suggests that  the net 
influx  of  ammonium  in  Mustigius is  prob- 
ably a function of the presence  of the 
symbiotic algae. 
To estimate  the  extent  to  which  the  up- 
take  of  ammonium  by Mustigius might be 
due to  the algae  alone,  we  measured  the 
ammonium  flux  of  freshly  isolated  algae. 
Figure 4 shows  the results  of  four  time- 
course experiments  in which  both  the 
concentration  of  algae  and the initial  am- 
monium  concentration  were varied.  In  all 
160  t 
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Fig. 3.  Time-course  of ammonium  concentra- 
tion  in  a vessel containing four  specimens  of non- 
symbiotic Aurelin (5-15 cm, total  protein 50.7  mg) 
incubated  in dilute  seawater  at  ambient  tempcra- 
ture  and irradiance. 
four  cases  the isolated  algae  can effect  a 
net uptake of  ammonium,  but the timc- 
course curves vary as  a function of  algal 
concentration  and initial  ammonium  con- 
centration.  Curve  B (algal  concn, 324 ,ug 
Chl  a  *  liter  -1;  initial  ammonium  concn 
Time  (min) 
Fig. 4.  Time-course  of ammonium  concentra- 
tion  in  the medium  during incubation of  algae iso- 
lated  from Mastigiccs  from Eil Malk  Jellyfish  Lake. 
Algal  concentration (expressed as  pg Chl u.  liter-‘): 
A-231;  B-324;  C-1,000;  D-1,140. N jlux  in  s  ymhiotic medusae  915 
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Fig.  5.  Time-course  of nitrate  concentration in 
the medium  during duplicate incubations of  Mus- 
tigius  with added  nitrate  (10 pg-atoms  N *  liter-  I), 
and controls  (5  pg-atoms  N* liter-‘)  without Musti- 
gius. 
11.2 ,ug-atoms  N-liter-l)  shows  a time- 
course similar  to those for  intact  Mus- 
tigius in Fig. 1 (curves A, B, and  C) 
whose  algal  concentration  (354,  241,  and 
274 ,ug  Chl  a  *liter-r)  and  initial  ammo- 
nium  concentration  (8.0,9.75,  and 8.0  pg- 
atoms N *  liter-l)  it  closely  approximates. 
This comparison  suggests that  ammoni- 
urn uptake  by  intact  Mustigius  is due 
mainly, if  not exclusively,  to the sym- 
biotic  zooxanthellae. 
Nitrate  j&-Previous  studies of dis- 
solved inorganic nitrogen (DIN)  flux  in 
symbiotic reef  corals  demonstrated  that 
several  species  take  up nitrate  as  well as 
ammonium  (Franzisket  1974; D’Elia and 
Webb  1977;  Webb  and Wiebe  1978).  The 
suggestion was  made  that  these organ- 
isms might make  use of  several  available 
forms of  DIN.  To determine  if  the same 
range of possibilities  existed for  a sym- 
biotic  scyphozoan,  we  incubated  Mus- 
tigius in seawater spiked with nitrate  to 
give an initial  concentration  of 10 pg-at- 
oms  NO,-N. liter-l.  Figure 5 shows  that, 
unlike reef  corals,  Mustigius does not ef- 
fect  the net removal of  nitrate. 
Discussion 
The  results  of  both field  and laboratory 
experiments  show  that symbiotic Mus- 
tigius  from Eil Malk  Jellyfish  Lake  and 
Palau lagoon take  up ammonium  from the 
environment.  Laboratory  experiments 
show  that  net  uptake occurs  down  to  con- 
centrations  below ambient levels,  and that 
little,  if  any,  ammonium  is  excreted  to  the 
medium.  In addition,  the uptake and re- 
tention  of  ammonium  is  sustained  during 
the  dark period of  a normal diel  cycle  of 
24 h.  The  uptake of  ammonium  by Mus- 
tigins  is  very likely  due to  the presence 
of symbiotic  algae since nonsymbiotic 
Aureliu  releases  ammonium,  and  since 
algae  isolated  from Mustigius take  up am- 
monium  to  the same  extent as a similar 
population of  algae  in  situ. 
In  all  of  the  foregoing  respects,  the  data 
for  Mustigius are similar  to  those for  in- 
tact  reef corals.  There  are two  factors 
which  contribute  significantly  to  this  sim- 
ilarity.  First,  the  biomass ratio  of  algae  to 
animal cells  in  both corals  and Mustigius 
is  around 0.10  on a  protein  basis.  Second, 
in  both corals  and Mustigius the  algae  are 
distributed  uniformly and superficially  so 
that  they are  in  proximity not only to  the 
ambient environment  but also  to  the ma- 
jority  of  the animal cells. 
Mustigius differs  from reef  corals  with 
respect  to  DIN  flux  in  that  corals  take  up 
nitrate  as well as  ammonium;  Mustigius 
does not take up  nitrate,  at least  under 
conditions of  the experiments  described 
here.  The  reason for  this  may  be related 
to  the fact  that  the surface  waters of  Eil 
Malk  Jellyfish  Lake  (and Palau lagoon) 
contain measurable  levels  of  ammonium 
but virtually  no nitrate.  The  presence of 
ammonium  and the  absence of  nitrate  may 
act  in  concert  to  repress  nitrate  reductase 
activity  in  the algae.  Further,  the 90-min 
incubation time may  have  been  insuffi- 
cient  to  activate  nitrate  transport  and re- 
duction systems. 
Uptuke  kinetics;  effect  of concentru- 
tion-The  Michaelis-Menten  equation 
has been  widely used to  describe kinet- 
ics  of  uptake of  DIN  by free-living  ma- 
rine phytoplankton  (see Dugdale  1967, 
1976) and  by  symbiotic  algae in situ 
(D’Elia  1977, 1978; D’Elia  and  Webb 
1977;  Webb  and Wiebe  1978; Muscatine 
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However,  in  some  studies,  discrete  sam- 
pling of  initial  values in  time-course ex- 
periments has  yielded  scattered  data  from 
which  initial  uptake velocity  cannot be 
discerned with confidence.  Time  history 
curves also  often  do not approximate the 
first  derivative of a rectangular hyper- 
bola. Both  of these problems  were  en- 
countered in this  investigation,  and, be- 
cause  we  suspect that they arise  from 
experimental  error  in ammonium  deter- 
mination (e.g.  see  data points  for  control 
in  Fig.  I),  we have not  attempted a  formal 
description of uptake kinetics  by  intact 
jellyfish.  Rather,  from the  initial  slopes  of 
curves in Fig. 1 we  conservatively  esti- 
mate  that  a lo-11-cm  Mastigias (Chl a 
content  about 360 pug),  at  high concentra- 
tions  of  ammonium,  can effect  a change 
in ammonium  concentration  of  about 12 
pg-atoms *  liter-  I*  h-l,  representing  an up- 
take rate  of (12  x  1.6  liters)  19.2 pg-at- 
oms .  h-l,  or  normalizing  to  Chl u,  53.3  pg- 
atoms  N ‘mg  Chl  u-l-  h-  I.  This value is 
about 10 times the  maximum  uptake rate 
of  ammonium  by reef  corals  (cf.  Musca- 
tine and  D’Elia 1978).  Somewhat  more 
amenable  to  kinetic  analysis  are  data  for 
isolated  algae  where  the uptake velocity 
can be  estimated from initial  slopes of 
curves in  Fig.  4,  normalized to  Chl a and 
plotted  against  substrate  concentration.  A 
plot  of S/V vs.  S gives a V,,,,  of  50 pg- 
atoms N *mg  Chl a-l*h  -I  and a K, of  4.2 
pg-atoms  N.  The  value  for V,,,,  is in 
agreement  with the estimate  of  ammoni- 
um  uptake at  high concentrations  for  in- 
tact  jellyfish. 
Ecologicul  implications-Mastigias, 
unlike  Aureliu,  swims  horizontally  at  the 
surface  during the day.  At night it  swims 
vertically  and  continuously, migrating 
down  to  the chemocline  and returning  to 
the  surface,  completing many  of  these  cy- 
clic excursions  during  a  14-h  period 
(Hamner  et  al.  1982)  and spending an es- 
timated cumulative total  of  about 2 h at 
the  depth of  the  chemocline. Ammonium 
levels  at  the  chemocline  are  about 15  pg- 
atoms N.  liter-l.  As noted above, the up- 
take of  ammonium  by a IO-11-cm  Mus- 
tigias at chemocline  concentrations is 
about  19.2 pg-atoms *  h-l,  assuming  that 
15 ,ug-atoms  N *  liter-l  is  well above  the 
concentration at  which  the algae are at 
V  wax  for  ammonium  uptake.  Given  2 h of 
uptake at  this  rate,  Mastigias will accu- 
mulate 38.4  pg-atoms NH,-N. 
Similarly,  the uptake of  ammonium  at 
ambient  concentrations above  the che- 
mocline, assuming  an  average ambient 
concentration of 1  .O  pg-atom *  liter-  I,  is 
about 1.0  pg-atom N *  liter-l.  h-l,  or  (1.0  x 
1.6  liters)  1.6  pug-atoms  *  h-l.  Given  22 h 
of  uptake at  this  rate,  Mastigius will  ac- 
cumulate 35.2  ,ug-atoms  NH,-N,  or  a  daily 
total  of  73.6  pg-atoms NH,-N. This is  more 
than twice the daily  amount  of  DIN  ac- 
cumulated  by a reef  coral  of  comparable 
Chl u content (cf.  Muscatine  and D’Elia 
1978).  The  difference  is  clearly  due  to 
uptake of  DIN  at  the chemocline. 
What  is  the significance  of  this  level  of 
uptake of  DIN,  particularly  in  relation  to 
the  carbon fixed  by the  zooxanthellae?  To 
maintain  an algal  C :  N atomic  ratio  of  106: 
16,  Mastigias would  require 487 ,ug-at- 
oms  C.  d-l or an  average  assimilation 
number  of  1.62  mg C *  mg Chl a-l  *  h--l  over 
a 10-h  period of  photosynthesis.  This val- 
ue is  well within the range of  published 
assimilation  numbers  for zooxanthellae 
(1.0-3.9:  Muscatine  198Ob).  Consequent- 
ly,  these calculations  show  that  zooxan- 
thellae in Mnstigius  could  satisfy  their 
daily  nitrogen requirement entirely  from 
the uptake of DIN  and  lead to the hy- 
pothesis that  the zooxanthellae in Mus- 
tigias  are probably not nitrogen-limited. 
In this  connection we  note that,  in con- 
trast  to Aurelia, Mastigias  in Eil Malk 
Jellyfish  Lake has not  yet  been  observed 
to  feed holozoically  nor has any trace  of 
zooplankton been  observed in its  diges- 
tive  apparatus  (Hamner  et  al.  1982). 
If  this  is  true,  and if  the zooxanthellae 
in Mastigias have the carbon and nitro- 
gen translocation  systems usual in most 
other marine  alga-invertebrate  associa- 
tions  (Trench  1979),  then repeated ver- 
tical  migration at  night may  be a funda- 
mental behavioral adaptation  facilitating 
growth of  the  host  through fertilization  of 
zooxanthellae and, together  with photo- 
synthesis and  translocation  during  the 
day, may  ultimately explain the abun- N flux  in  symbiotic medusae  917 
dance  of  Mastigius in  Eil Malk  Jellyfish 
Lake. 
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